Subclinical primary Pneumocystis infection is the most common pulmonary infection in early infancy, making it important to determine whether it damages the lung. Pneumocystis peaks at 2 to 5 months of age, when respiratory morbidity coincidently increases. We have documented that Pneumocystis increases mucus production in infant lungs, and animal models reveal lung lesions that warrant characterization. Herein, immunocompetent rats infected at birth with Pneumocystis by cohabitation, to resemble communityacquired infection, underwent lung assessments at 45, 60, and 75 days of age. Lungs fixed by vascular perfusion to prevent collapse during necropsy were used for morphometry evaluations of mucus production, airway epithelial thickening, perivascular and peribronchiolar inflammation, and structural airway remodeling. Changes in these histologic features indicate lung disease. Selected immune markers were assessed in parallel using fresh-frozen lung tissue from sibling rats of the same cages. Sequential activation of NF-kB and an increased Gata3/T-bet mRNA level ratio, consistent with a type 2 helper T-celletype inflammatory response, and subacute fibrosis were recognized. Therefore, documenting subclinical Pneumocystis infection induces lung disease in the immunocompetent host. Taken together with the peak age of primary Pneumocystis infection, results warrant investigating the clinical impact of this often subclinical infection on the severity of respiratory diseases in early infancy. This model can also be used to assess the effects of airway insults, including coinfections by recognized respiratory pathogens. Whether subclinical infections induce lung damage is poorly understood and needs clarification because lung damage by subclinical pathogens may affect the clinical expression of overt respiratory pathogens and may also favor respiratory disease.
Subclinical primary Pneumocystis infection is the most common pulmonary infection in early infancy, making it important to determine whether it damages the lung. Pneumocystis peaks at 2 to 5 months of age, when respiratory morbidity coincidently increases. We have documented that Pneumocystis increases mucus production in infant lungs, and animal models reveal lung lesions that warrant characterization. Herein, immunocompetent rats infected at birth with Pneumocystis by cohabitation, to resemble communityacquired infection, underwent lung assessments at 45, 60, and 75 days of age. Lungs fixed by vascular perfusion to prevent collapse during necropsy were used for morphometry evaluations of mucus production, airway epithelial thickening, perivascular and peribronchiolar inflammation, and structural airway remodeling. Changes in these histologic features indicate lung disease. Selected immune markers were assessed in parallel using fresh-frozen lung tissue from sibling rats of the same cages. Sequential activation of NF-kB and an increased Gata3/T-bet mRNA level ratio, consistent with a type 2 helper T-celletype inflammatory response, and subacute fibrosis were recognized. Therefore, documenting subclinical Pneumocystis infection induces lung disease in the immunocompetent host. Taken together with the peak age of primary Pneumocystis infection, results warrant investigating the clinical impact of this often subclinical infection on the severity of respiratory diseases in early infancy. This model can also be used to assess the effects of airway insults, including coinfections by recognized respiratory pathogens. Whether subclinical infections induce lung damage is poorly understood and needs clarification because lung damage by subclinical pathogens may affect the clinical expression of overt respiratory pathogens and may also favor respiratory disease. 1 Mild infections and other pulmonary insults stimulate innate and adaptive immunity. They aggravate viral infections and eventually lead to chronic lung disease, 2e5 implying it is vital to understand the pathologic burden and potential clinical implications of mild subclinical infections. For example, frequent subclinical infections as copathogens may provide an explanation, not currently available, of why the number of infants hospitalized for respiratory infections reaches a peak between the ages of 2 and 5 months. 6, 7 This age risk window is attributed to weaning of maternal antibodies that clearly explain the increasing number of infections. However, factors underlying the high variability in the severity of their clinical presentation are not understood and are generally assumed to be explained by variations in genetic background.
Subclinical primary infection with the nonmicrobiologically cultivable fungus Pneumocystis is likely the most common pulmonary infection in infants aged 2 to 5 months. 8e11 The high prevalence at this age may be explained by early acquisition of Pneumocystis from the mother, and this risk of acquisition affects similarly immunocompetent and immunocompromised infants. 9e17 Mothers are likely to carry Pneumocystis because of pregnancy-related physiological immunosuppression, 18 and they may, therefore, act as an infective reservoir for their own newborns, which may explain the peak incidence of this infection at 2 to 5 months of age.
19e21 Pneumocystis primary infection has been shown in rodents to be subsequently eliminated from the lungs without resulting in latency. 22e24 Mild pulmonary infections in immunocompetent adults suggest secondary infections may occur beyond infancy. 25 Pneumocystis primary infection is typically mild, does not exhibit a characteristic clinical pattern, may be asymptomatic, and goes undiagnosed unless specifically tested. 10 Nevertheless, Pneumocystis is sometimes associated with upper respiratory tract infection 12 and occasionally progresses to pneumonitis or apnea. 26e28 In recent studies of autopsied infant lungs, increased mucus production suggested that this infection has pathologic effects on the immunocompetent infant lung. 11, 29 Furthermore, there is increasing evidence of Pneumocystisrelated immunopathology in immunocompetent murine models. 2,30e34 Coinfection with a virus and Pneumocystis resulted in fatal exacerbation of Pneumocystis pneumonia (PCP) in immunocompromised mice. 35 Moreover, intratracheal inoculation of Pneumocystis in immunocompetent mice exacerbates the airway's responses to external insults 2, 32 and induces transient hypoxemia. 34 In addition, an increase in CD4 þ T cells related to immunoreconstitution in HIV-infected patients has been linked as a factor precipitating airway hyperresponsiveness, 36 and Pneumocystis was reported to induce CD4 þ T-celledependent asthma-like disorders. 37 Although histologic lung lesions are clearly discernible in rats and mice, obtaining lung biopsy specimens from apparently healthy infants to evaluate this subclinical infection histologically is not possible because infants lack an obvious health threat. 28 An additional difficulty is posed by the larger size of the infant lung, which may hinder lesion detection because the infection might be focally distributed. Findings in rodent models of Pneumocystis are highly reproducible and generally applicable to a clinical situation. 38 A rodent model of naturally acquired Pneumocystis infection was, therefore, developed to mimic its acquisition in humans, 24 and serial examinations of the lungs were performed to assess Pneumocystis growth and evaluate the responses of selected cytokines and chemokines. The histologic damage of the lungs was sequentially monitored using microscopy morphometry of the airways, of vascular-perfused lungs fixed in situ to evaluate selected features of airway disease, including airway epithelial thickening, mucus production, peribronchiolar and perivascular inflammatory cuffs, and remodeling fibrosis. Changes in these parameters establish lung disease and may have deleterious effects on lung function.
The asymptomatic nature of primary Pneumocystis infection and the lack of a culture-based microbiology diagnostic system make clinical diagnosis difficult. Furthermore, the extensive distribution of Pneumocystis infection in infants means there are few uninfected controls, which hampers research investigating this disease in nonimmunosuppressed infant hosts. Therefore, confirming that the naturally acquired primary Pneumocystis infection causes immunopathology with airway remodeling in immunocompetent hosts, as shown herein, would encourage future research aimed at understanding the pathogenic significance of this underlying coinfection.
Overall, our findings confirm that Pneumocystis damages the competent host lung and support the need to evaluate the association between Pneumocystis and respiratory morbidity in the post-neonatal period and beyond. It may be possible to prevent Pneumocystis infection using anti-Pneumocystis chemotherapy or by a vaccine in development, which would facilitate a proof-of-concept study focusing on curtailing Pneumocystis primary infection. 
Materials and Methods

Study Design
The objective of this study was to characterize the pathophysiologic effects of primary Pneumocystis infection in rodent lungs. To achieve this, the progressive pathologic changes in the airway, the induction of innate immunity and fibrosis-related pathways, and the involvement of type 1 helper T-cell and type 2 helper T-cell (Th2) cytokines associated with airway mucus production and fibrosis were measured. The institutional Animal Welfare Ethics Committee of the University of Chile School of Medicine (Santiago, Chile) approved the protocol and animal procedures (number CBA 0634 FMUCH; September 30, 2013) . Studies were conducted in accordance with the Animal Protection Law of Chile (Law 20.380) and the Guide for the Care and Use of Laboratory Animals. 41 Rats were randomized to the experimental groups using randomization tables. The sample size for each study end point was selected empirically without statistical methods. The rats were sacrificed at specific times, which were selected on the basis of the results of pilot experiments, suggesting a peak of Pneumocystis carinii infection at Iturra et al 418
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Animal Model
Thirty-two female Sprague-Dawley rats (body weight, approximately 250 g) whose mothers were derived from a single colony were obtained from the Animal Research Facility, University of Chile School of Medicine. They were housed under controlled light and temperature conditions and received purified water and UV-irradiated food ad libitum throughout the study. The rats were randomly allocated to two groups of 16 rats each (seeder rats and dams), and the dams were then randomized into two groups of eight rats each (exposed dams and control dams), as follows.
Pneumocystis Seeder Rats
PCP was induced in 16 female rats. Starting on day À56, the rats were given water containing 3 mg/L betamethasone and 500 mg/L tetracycline for immunosuppression. For 2 weeks, they were housed in a normal room to acquire Pneumocystis and were then moved to cages fitted with a high-efficiency particulate air filter (LabProducts Inc., Seaford, DE).
Immunosuppression was continued for 6 weeks until the rats were used as seeder rats on days 0 to 2 ( Figure 1 ). All seeder rats were sacrificed after use, and the lungs were confirmed to be positive for Pneumocystis by microscopy using the GrocotteGomori methenamine silver stain.
Primary Infection Rats and Controls
Sixteen timed-pregnant dams were housed in high-efficiency particulate airefiltered cages on day À21 and received drinking water containing 66 mg/L tylosin to prevent bacterial infections. This was continued until delivery. On day À14, eight control dams were given drinking water containing 2.4 mg/mL of trimethoprim and 0.48 mg/mL sulfamethoxazole to prevent Pneumocystis. This was continued until delivery. The pups of the other eight dams were exposed to Pneumocystis at birth by placing a seeder rat with PCP in a wire box inside the cage for 48 hours. This mode of infection mimics the route and intensity of natural infection. 24 Ten pups per group were sacrificed on days 45, 60, and 75 of age under deep anesthesia with ketamine (150 mg/kg) and xylazine (30 mg/kg). Five were exsanguinated after bronchoalveolar lavage (BAL) with 5 mL of sterile phosphate-buffered saline, and their lungs were removed and placed in RNA-later (Qiagen, Valencia, CA) for 24 hours at room temperature and then stored at À80 C until they were used for molecular analyses. The other five pups were perfused with 3.7% buffered formalin (pH 7.4) at a pressure of 25 cm H 2 O via the inferior vena cava for 6 minutes, and left at 4 C for 24 hours, after which the lungs were removed and placed in buffered formalin for 24 hours. The left lungs were embedded in paraffin and cut into longitudinally oriented sections (5 mm thick) for microscopy and morphologic analyses. This in situ lung fixation method was used to preserve lung volume after confirming that the lung volume decreases by 60% of the original lung volume after transpulmonary pressure release caused by opening the thorax. These prior experiments used sibling rats of the same age and weight. They were deeply anesthetized and randomized to sacrifice by Figure 1 Study design. Thirty-two female Sprague-Dawley rats derived from a single colony were divided into two groups. The first group of 16 rats was treated with betamethasone plus tetracycline for 8 weeks to facilitate the development of Pneumocystis pneumonia (PCP) and used as Pneumocystis seeder rats. The other 16 rats were time mated and received tylosin throughout pregnancy to prevent bacterial infections. Starting on day À21, eight of the dams were provided with drinking water containing trimethoprim-sulfamethoxazole to prevent Pneumocystis infection until euthanasia (unexposed control group); the other eight dams were given normal drinking water (Pneumocystis-infected group) and exposed to seeder rats with PCP for 48 hours to secure Pneumocystis contagion. Ten pups per group were sacrificed by anesthesia with ketamine plus xylazine on each of days 45, 60, and 75 of age. At each time point, five pups in each group underwent vascular perfusion with buffered formalin in situ to preserve their lung structure for histologic and morphologic analysis. The lungs from the other five pups were dissected for use in molecular analyses. HEPA, high-efficiency particulate air; Pc(À), uninfected control group; Pc(þ), Pneumocystisinfected group.
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The American Journal of Pathology -ajp.amjpathol.org 419 exsanguination, with their lungs removed immediately, or to in situ lung fixation via cava vein using Bouin fixative, with removal of their lungs after 3 or 6 hours from death. Lung volumes were measured using liquid displacement. Lungs removed after 3 or 6 hours from death doubled the size of unfixed lungs removed immediately, as follows: in situ fixed 6 hours, 100%; in situ fixed 3 hours, 77.7%; unfixed and removed immediately, 39.9%. Each percentage volume of lungs with respect to the volume of lungs fixed in situ for 6 hours is the average of three determinations (three rats).
Detection and Quantification of Pneumocystis by Nested PCR and Real-Time Quantitative PCR
Total genomic DNA was isolated from 0.3 g aliquots of fresh-frozen homogenized lung tissue using a QIAmp DNA mini kit (Qiagen). Pneumocystis carinii was identified by nested PCR using the oligonucleotides pAZ102-E and pAZ102H, which target the gene encoding mitochondrial large subunit rRNA of Pneumocystis and the internal primers pAZ102X and pAZ102L1R, which are specific for P. carinii, as previously described (Table 1) . 23 Rat actin was included as an internal control for each specimen. The real-time quantitative PCR assay was performed using the primers DHFR11 and DHFR12, which generate a 234-bp fragment of the single-copy dhfr gene, as previously described (Table 1) . 42, 43 All real-time quantitative PCRs were performed in glass capillaries in a final reaction volume of 20 mL of LightCycler FastStart DNA Master HybProbe reaction mixture (Roche, West Sussex, UK) containing Fast Start Taq, deoxynucleoside triphosphate, 3 mmol/L MgCl 2, 0.5 mmol/L of each primer, 0.2 mmol/L of each fluorescence resonance energy transfer probe, 1 U of heat-labile uracil-DNA glycosilase to prevent carryover contamination, and 2 mL of extracted DNA. The fluorescence resonance energy transfer probes were DHFR13 and DHFR14. 43 A standard curve was generated by amplifying 1 Â 10 7 to 1 Â 10 10 copies of a cloned P. carinii dhfr template per PCR. Samples were run in triplicate, and control reactions lacking the template were included in each run.
Histology and Morphometry Assessments
Histologic and morphometry assessments were performed using an Olympus BX60 microscope connected to a Q-IMAGING Micropublisher 3.3 RTV camera (QImaging, Burnaby, BC, Canada) and analyzed using Image Pro Plus software version 5.1.0 (Media Cybernetics Inc., Rockville, MD). Longitudinal tissue sections (5 mm thick) were used for all measurements. Measurements were conducted by two 
Evaluation of Peribronchiolar and Perivascular Cuffs and Cellular Composition
The proportions of bronchioles of <250 mm diameter and blood vessels of <250 mm diameter that were surrounded by cellular cuffs were determined on hematoxylin and eosin (H&E)estained slides using a modified semiquantitative scoring system 44 : 0 indicates no surrounding cuffs seen; 1, cuffs in <25% of bronchioles or vessels; 2, cuffs in 25% to 50% of bronchioles or vessels; and 3, cuffs in >50% of bronchioles or vessels. A minimum of five bronchioles and five blood vessels were assessed per rat at a magnification of Â4 in all five rats per group/time point. The cellular composition of the cuffs was assessed by measuring the area of increased cellularity in H&E-stained sections and immunohistochemistry of adjacent deparaffinized sections (3 mm thick) to count the cells inside the demarcated mirrored areas (oil immersion lens at 100Â). Sections were stained with the following antibodies in accordance with the manufacturers' instructions after heat antigen retrieval. To detect CD4 þ T lymphocytes, CD8 þ T lymphocytes, and B lymphocytes, sections were stained with anti-CD4 þ (biotin-ab111815), anti-CD8 þ (ab33786), and anti-CD22 þ (ab65852), respectively (all from Abcam, Cambridge, UK). Mast cells were stained with toluidine blue stain, and eosinophils were stained with modified H&E. 45 The results are expressed in terms of the cell density (cells/mm 2 ).
Thickness of the Bronchiolar Epithelium
The area (mm 2 ) of the airway epithelium between the luminal surface and basal membrane, normalized by the perimeter of the basal membrane (mm; thickness in mm Z area in mm 2 /perimeter in mm), was measured using Image Pro Plus software in H&E-stained slides of at least five bronchioles per rat in at least four rats per group (samples were not available in some rats) to calculate the means AE SD of at least 20 observations per group. Bronchiole diameters were <250 mm, with a ratio of larger diameter/smaller diameter of <2. Normalization by the perimeter permitted the estimation of thickness (mm) and intergroup comparisons. Each measurement was normalized individually, and the mean of results was calculated for each group.
Mucus Production
The relative area of the bronchiolar epithelium occupied by intraepithelial airway mucus was determined in a minimum of five bronchioles per rat in sections (5 mm thick) stained with Alcian blueeperiodic acid Schiff (pH 2.5). In addition, immunohistochemical staining of mucin 5AC (Muc5ac) was performed using anti-MUC5AC antibody (ab80953) to visualize and quantify the extent of Muc5ac as a representative mucus marker of the mucus stained with Alcian blue.
Quantification of the Peribronchiolar and Perivascular Matrix
Peribronchiolar and perivascular collagen deposition was measured using Picrosirius red, as previously described. 46 Briefly, images of at least five bronchioles and five vessels (bronchioles and vessels of <250 mm diameter) were obtained using a polarized light filter (Olympus), and images were converted to monochrome. The mean thickness of the airways and vessels surrounding collagen was calculated as the area of collagen (mm 2 )/perimeter (mm) of the basal membrane or smooth muscle. Reticulin (type III collagen) was also quantified in at least five bronchioles and vessels per rat using the Gordon and Sweet stain, and the thickness of the reticulin-stained zone surrounding the bronchiole or vessel epithelium was measured in Figure 2 Confirmation of Pneumocystis infection. Pneumocystis carinii infection was assessed in the lungs of experimental rats by nested PCR and quantitative PCR of the gene dhfr. A: Unexposed rats given anti-Pneumocystis prophylaxis [control rats; lanes 1 to 9 in the gel (left panels)] do not develop primary Pneumocystis infection, whereas rats exposed to seeder rats are all positive for P. carinii DNA [lanes 1 to 9 in the gel (right panels)]. B: The Pneumocystis burden increases between days 45 and 75 in rats with primary Pneumocystis infection. The progression of Pneumocystis burden was assessed by one-way analysis of variance (P Z 0.403). Data are expressed as means AE SD. L, ladder; mt LSU, mitochondrial large subunit; PC, positive control.
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Determination of Immune Response Markers
Determination of Tnf, Cxcl2, Il6, Il10, Gata3, Muc5ac, Transforming Growth Factor-b1, T-bet, and Gata3/T-bet Ratio in Lung Tissue by Quantitative RT-PCR Total RNA was extracted from fresh-frozen (À80 C) lung tissues using the Trizol reagent (Invitrogen, Carlsbad, CA), according to the manufacturer's protocol. Nucleic acids were quantified using an Epoch Microplate Spectrophotometer (Biotek, Winooski, VT). RNA (1 mg) was used for reverse transcription with random primers and SuperScript II polymerase (Invitrogen). Amplification of tumor necrosis factor-a (Tnf), macrophage inflammatory protein 2 (Cxcl2), Il6, Il10, Gata3, and Muc5ac was performed using the SensiMix SYBR Hi-ROX Kit (Bioline, Taunton, MA) in a RotorGene 6000 Series instrument (Corbett Life Science, Montreal, QC, Canada) and specific primers (Table 1) . PCRs consisted of 5 minutes at 94 C for initial denaturation, followed by 45 cycles of 30 seconds at 94 C, 20 seconds at 60 C, and 20 seconds at 72 C. Actin was used as the internal control.
Measurement of Il4 and Il13 in BAL Samples
BAL samples were centrifuged at 4 C in a refrigerated centrifuge (Fisher Scientific, Waltham, MA), and the 
The proportions of bronchioles and vessels surrounded by inflammatory cuffs were assessed by microscopic analysis of hematoxylin and eosinestained lung sections from uninfected control rats and Pneumocystis-infected rats. The proportions of bronchioles and vessels surrounded by inflammatory cuffs were classified using a score of 0 to 3 (Materials and Methods). The proportion of blood vessels with lymphocytic cuffs is significantly greater in Pneumocystis-infected rats than in control rats on days 45, 60, and 75. The proportion of bronchioles surrounded by lymphocytic cuffs is also significantly greater in the Pneumocystisinfected rats on days 60 and 75. C: Highermagnification microscopic images of perivascular cuffs show that they are mostly composed of lymphocytic cells. *P < 0.05, **P < 0.01, and ***P < 0.001 versus control rats. Scale bars Z 100 mm (A and C). Original magnification: Â4 (A); Â20 (C). Pc(À), uninfected control group; Pc(þ), Pneumocystis-infected group. ajp.amjpathol.org -The American Journal of Pathology concentrations of Il4 and Il13 (in pg/mL) were measured in supernatants using enzyme-linked immunosorbent assay kits (ab100771 and ab100766, respectively; Abcam).
Western Blotting for Muc5ac and NF-kB Lung samples (0.3 g) were disrupted using a Tissue Tearor (Biospec, Bartlesville, OK) in chilled modified radioimmunoprecipitation assay lysis buffer [pH 7.4; 50 mmol/L Tris (pH 7.4), 1% NP-40, 0.5% sodium deoxycholate, 150 mmol/L NaCl, and 1 mmol/L EDTA] supplemented with protease inhibitor cocktail (Roche, Mannheim, Germany) and SDS (to a final concentration of 0.01% in each sample). Gastric tissue was used as a control. Total protein was quantified in supernatants using the Bradford assay (Bio-Rad, Hercules, CA). Samples (30 mg) were subjected to SDS-PAGE with 4% stacking and 8% resolving Tris-glycine gels. Proteins were transferred to polyvinylidene difluoride membranes and blocked with 5% low-fat milk. Mouse anti-Muc5ac IgG antibody (1:4000; 45M1; Santa Cruz Biotechnology, Dallas, TX) and goat anti-mouse IgG horseradish peroxidaseeconjugated antibody (1:4000; Santa Cruz Biotechnology) were used to detect Muc5ac. Rabbit antieNF-kB p65 (1:1000; D14E12; Cell Signaling Technology, Danvers, MA) and rabbit antiephosphorylated NF-kB p65 (1:1000; 93H1; Cell Signaling Technology) were used in total extracted protein, to assess NF-kB activation. Membranes were stripped, blocked, and reprobed using anti-actin antibodies [goat anti-actin IgG 
Statistical Analysis
GraphPad Prism software version 7 (GraphPad Inc., San Diego, CA) was used for all analyses. Results are expressed as means AE SD or interquartile ranges, or as described in figure legends. One-way analysis of variance with the Bonferroni test for multiple comparisons was used to compare the pulmonary Pneumocystis load and cell counts among the three time points. Two-way analysis of variance was used to analyze the proportion of bronchioles or vessels with surrounding inflammatory infiltrates and to compare data between Pneumocystis-infected rats and control rats. In all analyses, P < 0.05 was considered statistically significant.
Results
Acquisition and Progression of Primary Pneumocystis Infection
Pneumocystis was monitored in a group of rats used for infectivity (seeder rats) and in two experimental groups ( Figure 1 ). All seeder rats developed PCP, which was Figure 4 Primary Pneumocystis infection induces an inflammatory response in the lung. A: Activation of the NF-kB signaling pathway in Pneumocystis-exposed rats. Results are presented as arbitrary units for the levels of phosphorylated NF-kB p65 protein normalized to total p65 and bactin. BeF: mRNA expression levels of Tnf (B), Cxcl2 (C), Il6 (D), Tgfb1 (E), and Il10 (F) in the lung. Results are expressed as the fold-change in gene expression calculated using the 2 ÀddCt method, with the noninfected group used as the baseline. The expression levels of all cytokines, except for Il10, tend to increase on day 60 and increase significantly on day 75 in Pneumocystisinfected rats compared with control rats. The mRNA level of Il10 is not significantly different between the two groups. Data are expressed as means AE SD. n ! 4 rats per group for all observations. *P < 0.05 versus the noninfected group at the corresponding time point. Pc(À), uninfected control group; Pc(þ), Pneumocystis-infected group.
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The American Journal of Pathology -ajp.amjpathol.org 423 confirmed by microscopy and GrocotteGomori methenamine silver staining of lung sample imprints (touch preparations). When the rats were sacrificed, Pneumocystis was assessed by nested PCR using lung tissue samples from Pneumocystis-exposed and unexposed control rats receiving anti-Pneumocystis prophylaxis. The exposed rats were positive for Pneumocystis in all samples tested, whereas the rats in the control groups were negative for Pneumocystis (Figure 2A ). The Pneumocystis burden in lung tissues (dhfr gene copies/ng of total DNA) increased further from days 45 to 75, although the increase in burden was not statistically significant ( Figure 2B ).
Inflammatory Responses to Primary Pneumocystis Infection
The overall inflammatory state was next assessed under a microscope at low magnification (Â4) ( Figure 3A) . Lung sections were stained with H&E and scored according to the proportion of blood vessels and bronchioles surrounded by inflammatory cells. Cuffing inflammation may lead to extracellular matrix deposition, may thicken the tissue interphase involved in oxygen diffusion, and may impair oxygen uptake, resulting in hypoxia. However, this was not determined in our study. Inflammatory cuffs were observed around capillaries starting on day 45 and around bronchioles on day 60 in exposed rats but not in control rats ( Figure 3 , A and B). Dense lymphocytic infiltrates corresponding to bronchus-associated lymphoid tissue and sparse interstitial lymphocytes in a cuff-like configuration were intense around vessels ( Figure 3C ) and only observed in rats exposed to Pneumocystis (Figure 3, A and B) . To relate the histologic findings to inflammatory response markers, NF-kB activation and the mRNA expression levels of genes expressing the following proinflammatory and anti-inflammatory cytokines were measured: Tnf, Il6, Cxcl2, transforming growth factor-b1, and Il10. NF-kB activation, which was determined in total extracted protein by measuring phosphorylated NF-kB p65 expression relative to total p65 and b-actin, was greater in Pneumocystis-exposed rats than in control rats on day 75. Similarly, the mRNA levels of Tnf, Il6, and Cxcl2 were elevated from day 60 and increased further on day 75 after infection ( Figure 4 , AeE). By contrast, the Il10 mRNA level was not significantly different between Pneumocystisexposed rats and control rats ( Figure 4F ). Cellular infiltrates comprising T and mature B lymphocytes were observed from day 45 ( Figure 5 , AeF), with a significant predominance of CD4 þ cells over CD8 þ cells in the cuffing infiltrates ( Figure 5B ). B-cell lymphocytes, eosinophils, and mast cells were observed in peribronchial and perivascular cuffs from day 45 ( Figure 5 , DeL). Mucus content is significantly increased on days 60 and 75 in Pneumocystis-infected rats than in the control group. B: Mucin 5AC (Muc5ac) immunohistochemically stained histology sections. Anti-Muc5ac identifies a fraction of the total histochemically stained mucus. Plots of RT-PCR of Muc5ac, as a marker of mucus, and of Muc5ac Western blotting, show the mRNA expression levels of Muc5ac and the Muc5ac protein increase on day 75 in Pneumocystis-infected rats compared with control rats. mRNA and Muc5ac protein expression were normalized to b-actin expression. Data are expressed as means AE SD. n Z 5 bronchioles per rat in four rats per group (A); n Z 4 rats per group (B). **P < 0.01, ***P < 0.001 versus control rats. Scale bars Z 100 mm (A and B). Original magnification: Â40 (A and B, rightmost columns). Pc(À), uninfected control group; Pc(þ), Pneumocystis-infected group.
Lung Damage in Pneumocystis Infection
The American Journal of Pathology -ajp.amjpathol.org 425
Airway Epithelial Responses to Primary Pneumocystis Infection
The thickness (in mm Z epithelial area in mm 2 /perimeter in mm) of the epithelium of small conducting airways was next measured because epithelial thickening may not be apparent to the naked eye. Epithelial thickening can impose a significant physiological burden, according to the Poiseuille law, by decreasing airway diameter and increasing breathing labor, which may ultimately compromise respiratory function. The bronchiolar epithelium on days 60 and 75 was significantly thicker in Pneumocystis-infected rats than in control rats ( Figure 6 ).
Airway Mucus Response to Primary Pneumocystis Infection
The progression of the mucus remodeling response of the airway epithelium was assessed because it may cause acute changes in airway diameter and mucociliary clearance. Increased mucus production was observed in autopsied infant lungs with primary Pneumocystis infection. 11, 29 Lung tissue sections from Pneumocystis-infected rats stained with Alcian blue showed a distinctive change to a mucus hypersecreting phenotype. This response peaked at day 60 after infection and was maintained at day 75 ( Figure 7A ). To relate these findings in rats to prior observations in infant lungs, immunohistochemistry was performed to detect Muc5ac, a mucus marker. The immunohistochemical findings were consistent with those of Western blotting and RT-PCR for the detection of the Muc5ac protein and mRNA. These changes increased at day 75 after infection ( Figure 7B ).
Primary Pneumocystis Infection Induces a Th2 Profile
To relate these findings to an ongoing Th2 immune response, the Gata3/T-bet mRNA level ratio was evaluated using total RNA extracted from lung tissues. Increases in Gata3 mRNA and in the Gata3/T-bet mRNA level ratio were observed in Pneumocystis-exposed rats on day 75 compared with those in control rats (Figure 8, AeC) . Measurements in BAL fluid showed that the Th2 cytokine Il13 was up-regulated in Pneumocystis-infected rats, whereas Il4 levels did not differ from those in control animals ( Figure 8 , D and E).
Primary Pneumocystis Infection Induces Extracellular Matrix Deposition
Finally, the extent of fibrosis was examined to document whether inflammatory infiltrates on bronchioles and lung vessels, resulting from the primary Pneumocystis infection, might induce chronic airway changes. The thickness of the collagen type I and type III fiber layer surrounding the bronchioles and blood vessels was measured histologically. Vascular and bronchiolar collagen thickness increased starting on day 60 after infection in lung sections stained with Sirius red. Reticular fibers (type III collagen), indicating well-established fibrosis, were elevated at 60 and 75 days in the bronchioles and vessels of Pneumocystis-infected lung sections stained using the Gordon and Sweet method ( Figure 9) .
Discussion
This experimental model of primary Pneumocystis infection revealed progressive pathologic changes characteristic of Figure 8 Primary Pneumocystis infection is characterized by a type 2 helper T-cell (Th2) immune response. AeC: Primary Pneumocystis infection is associated with a significant increase in Gata3 mRNA, the main transcription factor involved in CD4 þ T-cell transformation (Th2 response), on day 75 (A); with nonsignificant changes in T-bet mRNA, the transcription factor for type 1 helper T cells (Th1s) (B); and with a significant increase in the Gata3/T-bet (Th2/ Th1) ratio (C). D: Il13 levels in bronchoalveolar lavage (BAL) fluid were elevated from day 60 in Pneumocystis-exposed rats, consistent with Th2 activation and activation of the Th2-dependant STAT-6 pathway, which induces mucin secretion. E: Il4 levels in BAL fluid are not significantly different between the two groups. *P < 0.05, **P < 0.01, and ***P < 0.001 versus control rats. Pc(À), uninfected control group; Pc(þ), Pneumocystis-infected group. ajp.amjpathol.org -The American Journal of Pathology airway disease that occurred in parallel with changes in markers of the host immune response in an immunocompetent host. The model mimics the natural mode of acquisition and the progression of the primary Pneumocystis infection in the general human population. 24 Histochemical staining and evaluation of Muc5ac as a mucus marker revealed a progressive increase in mucus production in Pneumocystisinfected mice, consistent with the increase in mucus production attributed to Pneumocystis infection in human infant lungs. 18, 29 The increase in mucus production occurred in parallel with an increase in BAL fluid levels of Il13, and together with a downstream increase in the levels of Gata3 mRNA in lung tissue. These findings are consistent with those of prior reports showing that intratracheally inoculated Pneumocystis stimulates mucus production by activating the STAT-6 pathway. 33 Thickening of the airway epithelium, airway narrowing, and peribronchiolar and perivascular inflammatory cuffs were observed. This histologic damage is consistent with a predominant Th2-type response characterized by increased mucus production, thickening of the airway epithelium, and increased CD4 þ T cells in perivascular and peribronchial inflammatory infiltrates. 47 These findings also confirm that Pneumocystis promotes a CD4 þ T-celledependent asthmalike pathology in spontaneously acquired primary infection, as reported in animals intratracheally inoculated with the fungus. 2, 33, 37 Matrix deposition was also apparent in terms of increased type I and type III collagen deposition, which suggests that Pneumocystis promotes tissue fibrosis. These histologic features were documented up to day 75 of age and occurred in parallel with increased levels of the inflammatory cytokines Tnf, Il6, and Cxcl2, confirming activation of the NF-kB inflammatory pathway, which was previously associated with Pneumocystis. 48 The increased Il6 levels are suggestive of macrophage activation, 49 and occurred together with an increase in the level of transforming growth Figure 9 Effects of primary Pneumocystis infection on peribronchiolar and perivascular matrix deposition and fibrosis. Primary Pneumocystis infection increases peribronchiolar (A) and perivascular (B) collagen type I deposition on days 60 and 75 compared with control rats. Primary Pneumocystis infection increases peribronchiolar (C) and perivascular (D) collagen type III (reticulin fibers) deposition on days 60 (peribronchiolar only) and 75 (peribronchiolar and perivascular) compared with control rats. Data expressed as means AE SD (AeD). n Z 5 bronchioles or vessels per rat in 4 rats per group (AeD). **P < 0.01, ***P < 0.001 versus control rats. Scale bars Z 100 mm (AeD). Original magnification, Â10 (AeD). Pc(À), uninfected control group; Pc(þ), Pneumocystis-infected group.
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The American Journal of Pathology -ajp.amjpathol.org 427 factor-b1, a regulator of inflammation, and a nonsignificant increase in Il10 levels. The rats appeared healthy despite sequential activation of the histologic features of inflammation. Tissue histology revealed the pathologic state at 45 days after exposure to Pneumocystis, which indicates that slow development of infection precedes noticeable tissue damage, which persisted until day 75, corresponding to the last time point of the study. Accumulating evidence indicates that primary Pneumocystis infection in normal infants involves a distinct infectious process that is age consistent and differs in terms of its intensity and burden of Pneumocystis organisms to the milder Pneumocystis colonization of immunocompetent adults. Although primary Pneumocystis infection is generally symptomless, it sometimes develops into a self-limiting symptomatic pulmonary infection 26, 27 or into severe PCP in immunocompromised individuals. 13 Immunosuppressed individuals with noneHIV-related PCP show similarly elevated levels of serum b-glucan to those of infants with primary infection, suggesting they have a similar lung burden of Pneumocystis. 50 The infection is difficult to detect in live infants because Pneumocystis does not grow in diagnostic cultures and is easily missed if more virulent cultivable respiratory pathogens or airway insults are identified. However, primary Pneumocystis infection is detectable by trained observers in simple microscopy of tissue samples from autopsied infant lungs. 9, 28 The microscopic diagnostic rate of up to 90% is possible with direct immunofluorescence of lung homogenates from 3-to 5-month-old infants.
11 Pneumocystis infection shows a much milder phenotype, with sparsely distributed organisms and a much lower organism burden in nonimmunosuppressed adults, in whom microscopic diagnosis is impractical and extremely laborious and molecular diagnosis requires tissue concentration techniques. 25 On the basis of the lung damage that occurred in rats in the study, it is possible that primary Pneumocystis infection increases the vulnerability of infants to respiratory insults. There is increasing evidence suggesting that Pneumocystis can sensitize the airway to nonspecific insults. 2, 47, 51 Moreover, the increased levels of Il6 and transforming growth factor-b1 (a member of the transforming growth factor superfamily of proteins that promotes fibrosis) and the Pneumocystis-associated remodeling fibrosis documented in this model represent consistent evidence to suggest that primary Pneumocystis infection favors acute airway hyperreactivity, with wheezing and chronic airway disease beyond infancy. 52, 53 The infant lung is more vulnerable than the adult lung because of smaller size and the characteristics of the developing respiratory system [narrower airways, the smaller area for gas exchange, lack of interalveolar communications or Cohn pores, increased pulmonary elasticity with a higher respiratory rate (shorter breath cycle) and less time for oxygenation, and fetal-to-adult hemoglobin switching]. In addition, the orientation of the diaphragm and the flexible thoracic cage in infants may hinder the lung's ability to reexpand in acute events, such as airway collapse. Therefore, it is essential to study whether the pathologic features observed in rats can affect lung function in infants. This is especially important because of the consistently high prevalence of Pneumocystis infection detected in autopsied lungs of 2-to 5-month-old infants, which coincides with a period of age of increased respiratory morbidity and mortality in infants in the general population. Infant age is in itself a highly relevant risk factor for increased severity of Pneumocystis infection, considering the disproportionately higher mortality of infants (60%) versus adults (10%) within the same context of AIDS-related PCP. 54 Mild Pneumocystis infections in certain adult populations can lead to chronic diseases, as shown in patients with chronic obstructive pulmonary disease, in whom Pneumocystis colonization is associated with greater severity of chronic obstructive pulmonary disease. Mild Pneumocystis colonization induces chronic obstructive pulmonary disease progression and increases bronchial-associated lymphoid tissue in nonhuman primate models of AIDS-related immunosuppression. 55, 56 These changes do not revert with anti-Pneumocystis therapy, 57 suggesting prophylaxis as a necessary strategy to avoid damage.
Reports describe pathologic lesions, consistent with the findings, in autopsied infant lungs, 28 and the examination of archived autopsied lungs of infants who died suddenly in the community revealed mild histologic features. 15 Agematched case-control studies in infants to document a causality relationship are not feasible. However, some of the pathologic findings documented in this work are consistent with previous reports of pulmonary lesions in immunocompetent rats, 30, 31 and with activated immune responses documented in other murine models. 2,32e34 For example, inflammatory infiltrates that were consistent with interstitial pneumonia of an unknown etiology and were accompanied by prominent perivascular infiltrates were observed in previously healthy immunocompetent rats 7 weeks after exposure to rats with interstitial pneumonia, 58 similar to our observations. The lesions had a predictable time course and were attributed to a transmissible agent that was initially termed rat respiratory virus. Thirteen years later, this transmissible agent was identified as Pneumocystis.
30,31
The morphometric parameters measured in this study were selected on the basis of their theoretical effects on respiratory physiology and the potential damage they may inflict on developing lungs. The thickness of the airway epithelium was measured because an increase in thickness of 0.5 mm decreases the airway diameter by 1 mm (0.5 Â 2) and, in a contracted state as in the expiration phase, these changes increase airway resistance by 300 times, according to the Poisseuille law. 59 Meanwhile, excess airway mucus impairs mucociliary clearance and may favor mucus plugging, airway expiratory collapse, and ultimately shunting, with impaired airflow and ventilation/perfusion ratios. Therefore, the expression of Muc5ac was assessed as a marker of mucus production because it is a major mucin in pediatric airways. 60 Epithelial thickening and excess mucus Iturra et al 428 ajp.amjpathol.org -The American Journal of Pathology production were observed, both of which may cause airway narrowing and increase the possibility of airway collapse, especially when the intrathoracic pressure increases in the exhalation phase. 61, 62 In addition, the exocytosis of mucus from mucus granules packaged in goblet airway epithelial cells may expand their mucus volume by >200-fold in milliseconds, suggesting that narrow airways can become occluded in one breathing cycle. 63 The Image Pro-Plus histologic analysis software used in this study was essential to determine the progression of epithelial thickening and airway narrowing, which are not necessarily noticeable by microscopy. In addition, examining the lung at a low magnification allowed us to observe focal damage, including the proportion of bronchioles and blood vessels surrounded by inflammatory cuffs. The significant increase in peribronchiolar and perivascular inflammatory cuffs in this study may translate into focal thickening of the air-blood interface, which might impair oxygen uptake and lead to local hypoxia. Transient hypoxemia was reported in Pneumocystis-infected immunocompetent mice and is an early and cardinal clinical sign of PCP. 34 The peribronchiolar and perivascular cuffs were composed of mononuclear cells, particularly CD4
þ T-cell lymphocytes, which were prominent and appeared around the vessels before than around the bronchioles. This pulmonary response was related to Th2 activation, as shown by the increased levels of Il13 and Gata3. The intensity of this type of inflammatory response is associated with deteriorated oxygenation and decreased survival in patients with PCP. 34 It is also associated with an asthmalike pathology and airway hyperreactivity in mice intratracheally inoculated with Pneumocystis.
2, 47 The early innate immune response to Pneumocystis infection, which causes airway inflammation and hyperreactivity, can be influenced by the genetic background, as illustrated by differences in responses to infection between different inbred strains of mice. 33, 64 Therefore, the relative impact of this infection in the general population may differ between infants from different genetic backgrounds.
In conclusion, this study describes the histologic morphometry progression of lung disease and activation of selected immunological markers naturally acquired at birth during primary Pneumocystis infection in immunocompetent rats up to 75 days of age. The results are consistent with the findings in nonimmunosuppressed infants and with previous reports describing pathologic effects of Pneumocystis in nonimmunosuppressed adults and in different animal species, like rats, mice, and monkeys. 2,11,31e34,55,56,58 Further elucidation of the pathogenesis of Pneumocystis infection in the nonimmunosuppressed host is warranted to understand the potential clinical relevance of these findings, particularly because of the high prevalence of primary Pneumocystis infection in young infants.
We raise the hypothesis that the primary Pneumocystis infection may adversely affect the respiratory physiology and the response to infections or other respiratory insults of the developing infant lung. The predictable epidemiology with a high prevalence of Pneumocystis in 2-to 5-month-old infants, 11, 12, 14, 16, 21 plus the fact that the present results are consistent with those of prior studies in autopsied infants and in animal models documenting Pneumocystis-associated pathology, underlines the importance of testing this hypothesis. However, the inability to apply the Koch criteria for determining causality is challenging. This is determined by the high prevalence and asymptomatic features of the infection, precluding diagnosis and the identification of proper controls, 65 and indicates that clinical trials assessing the effects of preventing Pneumocystis infection in infants may be performed as a proof-of-concept test of our hypothesis. 65 
